The shear strength, intermetallic compound formation, and failure mechanism of high-lead solder (5Sn-95Pb) bump on flip chip under bump metallurgy, Al/Ni(V)/Cu, were investigated after thermal cycling, multiple reflow, and high-temperature aging. Two kinds of intermetallic compound, Cu 3 Sn and Al x Ni y , were found at the interface. The Cu 3 Sn was formed between the solder and Ni(V) layer while Al x Ni y was formed between Ni(V) and Al layer. The formation of the Cu 3 Sn compound will not affect the shear strength, 27-30 g, of the solder bump even after a high temperature long time aging test. However, the shear strength after the 30th reflow drops to less than 25 g, ascribed to the formation of a brittle compound, Al x Ni y . The failure modes of the solder bump upon shear test were also discussed.
I. INTRODUCTION
Flip chip technology provides high packaging density, high speed, and excellent electrical performance comparing with other chip level packaging technologies.
1,2 A flip chip solder bump structure consists of under bump metallurgy (UBM) and solder. The UBM for the solder bump is generally a stack of thin films that provide the functions of solder wettability, diffusion barrier between solder and terminal pad, and adhesion to the terminal pad. Various solder materials have been used for specific applications. For high-temperature application, the high melting point (MP) solder alloys, 5Sn-95Pb and 3Sn-97Pb, were chosen. On the other hand, the low melting point eutectic 63Sn-37Pb solder was applied for the lowtemperature situation. The solder bump may encounter multiple reflow during flip chip bonding process. It is common that a solder joint incorporates high MP solder for the first reflow while incorporating a low MP solder for the second reflow. Multiple reflow may affect the solder/UBM interfacial reaction and the mechanical strength of solder bump.
The mechanical strength of solder bump is one of the major concerns in reliability assessment. The reflow operation may result in a significant growth of intermetallic compound (IMC) between the bond pad and solder. [3] [4] [5] [6] The presence of a thin interfacial IMC layer is essential for the bondability. However, excessive IMC formation will result in shortening of the fatigue life and weakening of the bond strength of the solder bumps. The interfacial IMC layer is probably a preferential crack initial site in a flip chip solder bump for long-term reliability test. It was reported that fracture occurs within the interfacial Cu-Sn IMC layers in a Cu/63Sn-37Pb solder joint upon reaching a critical IMC thickness of approximately 5-7 m.
7
A previous investigation also found that the shear strength of a solder joint increases with increasing interfacial Cu-Sn IMC layer thickness up to 1.3 m, at which the joint strength is maximum. 8 Extensive growth of the IMC will degrade the joint strength. 8 The objective of this study is to investigate the IMC formation and the failure mode upon shear test of high lead solder bump (5Sn-95Pb) under thermal cycling, multiple reflow, and high-temperature aging tests.
II. EXPERIMENTAL PROCEDURE
The solder bumps investigated in this study were provided from industry. The composition of the solder bump investigated in this study was 5Sn-95Pb. A trilayer of Al/Ni(V)/Cu thin film was sputtered on the Si chip to form an UBM structure. The thickness of the various deposits were 0.4 m Al, 0.3 m Ni(V), and 0.8 m Cu. The 5Sn-95Pb solder paste was printed on Al/Ni(V)/Cu UBM over Si chip and then reflowed at 350°C to form bonding. To examine the interfacial reactions between the solder and the UBM, some of the samples were exposed to 1-30 reflow cycles at 220 or 350°C. The other samples were subjected to high-temperature storage at 175°C. Thermal cycling was conducted between room temperature and 220°C. The period of each cycle was 13 min.
For multiple reflow, the solder bumps were conducted in an infrared (IR) furnace under a protective atmosphere of 90% N 2 -10% H 2 . The peak temperature of the reflow profiles were 220 and 350°C, respectively, for specified process. For high-temperature storage, samples were tested isothermally in an oven at 175°C for 24-2000 h. After the heat treatment, the shear tests were conducted using a Dage 4000S machine. The bump shear tool height was set at 25 m from the bump base, and the tool test speed was set at 100 m/s. The shear force was determined from the average force measured on a sample size of 40 bumps. The heat-treated samples were mounted and mechanically ground with SiC abrasive papers down to 1 m, polished with 1, 0.3, and 0.05 m aluminum oxide. Both scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDX) were used to examine the morphology of fracture area and the composition of intermetallic compound at solder/UBM interface. Figure 1 presents the SEM image of a solder bump after ten times reflows. The initial shear strength of the as-produced bumps was about 28.2 ± 2.8 g/bump. Figure 2 shows the effect of reflow times and thermal cycles on shear strength. The bump shear strength remains almost constant up to 30 thermal cycles, while it changes slightly from 28.2 to 24.8 g/bump between 20 and 30 times reflow. On the other hand, thermal aging at 175°C resulted in an increase in shear strength ( Fig. 3 ) up to around 32 g/bump. It was found that the fracture occurs inside the bulk solder even after 2000 h aging. This indicates a good adhesion between the solder bump and the UBM after long aging time.
III. EXPERIMENTAL RESULTS

A. Bump shear test
B. Intermetallic compound analysis
For achieving good adhesion between solder and UBM, it needs to form a thin interfacial IMC layer. It is generally reported that two intermetallic phases may form at a Cu-Sn interface, the -phase Cu 6 Sn 5 and -phase Cu 3 Sn. Fig. 4(c) . The result of the elemental analysis (Fig. 6) shows that the crack does exist underneath the Ni(V) layer. reflow. The result of EDX analysis (Fig. 9 ) on area "a" of Fig. 8(d) , shows the appearance of Al. This result delineates that the Ni(V)/Al interface was weakened by 30 times of reflow. Meanwhile, it is of interest to notice that the fracture at solder resulted in stepwise slipping of the solder as seen in Fig. 8(e) . The steps occur in the shear direction.
Figures 10(a) and 10(b) present the fracture surface after high temperature aging at 175°C for 500 and 2000 h, respectively. The fracture behavior of the aged solder bump is the same as that of the thermal cycled solder bump. It shows that thermal aging does not change the fracture mode, the fracture occurs at the solder. 350°C. The Al-Ni phase diagram indicates that it is possible to form Al-Ni IMC below this temperature. 12 The EDX analysis (Fig. 6 ) seems to show a region of coexistence of Al and Ni. It was reported that a solid solution of Ni-in-Al formed with Ni as the faster diffuser and Al 3 Ni nucleates within this solid solution. 13 The Al 3 Ni compound was identified after annealing at 300°C for 30 min.
14 Therefore, it is possible to have a new layer of IMC formed at the Ni(V)/Al interface. This IMC is so thin that an accurate composition analysis is rather difficult. It is thus termed Al x Ni y . The thermal cycling experienced by the specimen during multiple reflow could induce stress to the IMC region. It thus could result in the transfer of the failure site from the solder to this Ni(V)/Al interface and slightly decreases the solder bump shear strength. Similar observation has also been reported before. 15 The stepwise appearance of the shear fractured solder bump [ Figs. 8(a)-8(c) and 8(e) ] has never been reported before. These steps exist in the region between the fracture surface and the bottom of the solder bump. Figure 8 (e) shows a close-up image of Fig. 8(b) . The bulk solder material is under shear stress during shear test. When the shear stress exceeds the critical resolved shear stress, slips occur on the slip planes; hence the steps appear on the bump edge. The solder material consists mostly of Pb. The face-centered-cubic (fcc) crystal structure of Pb was known to exhibit the easiest slip system. 16 Thus it is understandable that the slipping occurs until the squeezed structure resists further slipping; then another slip shows up. The final fracture happens when the squeezed structure of the solder can not withstand further shear force. Consequently, a stepwise fracture mode appears.
B. Formation of Cu 3 Sn compound and Kirkendall voids
The EDX analysis show that the investigated 5Sn-95Pb solder forms only -phase Cu 3 Sn on reacting with Cu. The high Pb solder does not provide sufficient Sn to form the -phase Cu 6 Sn 5 .
9 Furthermore, the thickness of IMC in the as-produced solder bump is approximately 1.6 m. After 30 times of thermal cycling or 30 times of multiple reflow, the thickness of the IMC increased slightly to 1.8 m. This indicated that most of the available Sn in solder has reacted with Cu to form Cu 3 Sn, and thus there is inadequate Sn to form Cu 6 Sn 5 .
The current study found two types of IMC morphology after 30 times multiple reflow, as shown in Figs these IMC is Cu 3 Sn. As can be seen in Fig. 5(a) , the Cu 3 Sn grains have a multi-faceted nodular appearance. It was reported that Sn diffuses faster in the -phase than in the Cu. [17] [18] [19] Therefore when Sn diffuses into Cu, nucleation starts at the interface, and grain growth continues until the multi-facet structures are formed as seen in Fig. 5(a) . After multiple reflows, a portion of these faceted grains assumed the thermal energy and grow into the columnar structure, as seen in Fig. 5(b) .
The voids appear between Cu 3 Sn and Ni(V) interface after a 30 times thermal cycling test and 1000 h of aging at 175°C are similar to what have been observed in earlier work. 10, 15 It has been found that the reaction between Cu and Sn to form Cu 3 Sn is accompanied by an 8.2% decrease in volume. [20] [21] [22] Thus, the volume change on forming the intermetallic is negligible. In addition, there was no Ni-Sn compound detected in the specimen. Accordingly, these voids are likely the Kirkendall voids that resulted from the interdiffusion between Sn and Cu.
V. CONCLUSION
The as-produced Sn-95Pb solder bump produced on Al/Ni(V)/Cu UBM forms Cu 3 Sn compound. The average shear strength of the as-produced solder bump, with 112 m UBM diameter, is around 28 g/bump. Thermal aging at 175°C slightly increases the shear strength up to 32 g. Thermal cycling from room temperature to 220°C does not induce much change in shear strength. Multiple reflow does not impose shear strength variation until 30 times of reflow whence the shear strength drops to less than 25 g. All of the shear test failures occur within solder except the 30 times multiple reflow condition that gives rise to failure at the Al/Ni(V) interface. Thermal cycling and thermal aging produce Kirkendall voids at the interface between Cu 3 Sn and Ni(V), which does not affect the shear strength of the solder bump. The failure of the solder bumps, when fractured, occurs through stepwise slipping of the solder.
